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Table 3.5: Cation analyses a sample from Bh 5 by different analytical methods. 
Cation analysis AA 
Na 1906 mgll 2000 mgll 
mgll 270 mgll 
Mg 312mgll 381 mgli 
530 mgll mgll 
---000---
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CHAPTER 4 
COMPOSITIONAL CHANGES TO GRAPE 
PROCESSING EFFLUENT AND POTENTIAL 
ENVIRONMENTAL IMPACT 
The collation· and evaluation of all the data pertaining to land treatment of the 
effiuents is important as it allows for assessment of performance as well as the 
potential environmental impact. Comparison is made between the concentration of 
constituents in land effiuents water quality guidelines for 
irrigation and livestock watering. environmental impact should 
forewarn affected parties of potential hazards arising from seepage leaving the site 
and assist the regulatory authority in determining license conditions for continued 
operation. The interpretation of compositional changes a geochemical 
...... ,~" .... ''''I'f-''uA will be out in Chapter 5. The aim of this chapter is to trace the 
pathway and compositional changes 
environment. 
effiuent with a view to assessing impact on 
4.1 Reduction of Organic MaUer 
All water samples were analysed for their COD but determinations were not 
out on the saturated paste extracts. Groundwater samples were analysed for both 
COD and DOC. The excess cations over anions (from 20 - 55%) in the 
ponded effiuent may be attributed to anions the charge on which could 
not be determined (Appendix The high cation excess in the ponded effiuent 
samples cannot be attributed solely to organic anions as these samples have lower 
COD than the effiuent but, on average, larger cation excesses than the effiuent. 
51 
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4.1.1 Chemical Oxygen Demand (COD) 
The samples taken on August were filtered prior to COD determination and 
therefore are not a true measure of total COD (which should be determined on 
sample) but represent the of the soluble organic matter in effluent 
(CODso1). Determinations COD for unfiltered effluent from May 1999 
(provided by KWV) indicate, however, that 90% of the is in a soluble form. 
variability 
Effluent samples 
COD for vanous water IS presented in Figure 4. L 
F>.Ut~U"L to November had COD ranlglI1lg from gil. 
Although the range COD is fairly constant for sampling period this may not be 
the case throughout year as analysis of distillery effluent indicated a COD of 
66 grape-processing effluent at Robertson is a of grape and 
the former probably dilutes the distillery There is 
probably some COD reduction in the "'''' ...... ,l5lagoon prior to irrigation. 
3500 
3000 
2500 
2000 
0 1500 0 
u 
1000 
500 
[I 
0 
background 
Figure 4.1: 
effluent ponded sump b/h 
Non-Outlier Min 
CJ 75% 
25% 
[J Median 
a Outliers 
iI! Extremes 
seep trench 
variation in relation to sampling location. 
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LJ.L.LU ... "'JlU ponded in furrows on had lower CODsol than 
irrigation from 164 - mg/l compared to 1980 for effluent sampled 
on 25th August. This represents a 90% reduction in the soluble content of the 
effluent through treatment the topsoil. Chapman (1995) estimated up to 95% 
reduction soluble concentration in distillery "'.Li.J' .... "'.n provided 
that COD was reduced, prior to land treatment, to levels similar to that in 
wastewater. 
average CODsol ponded effluent 25th August was 220 
whereas the of sump water on the same day was 178 mg/L This that 
further COD reOuctlon occurs in subsoil between sump. 
and Bokil (1982) state the treatment zone for substrates 
lies within the 0-15 cm layer of COD is in the subsoil and 
may be attributed to the smaller COD value at depth in the soil, limited aerobic 
....v.l.~U!l"V.l..., and the renlamlmg COD more U.1.I.Jl~"'''''U to " .... ,..-", .... (Chapman, 1995). 
Wastewater application volumes should not exceeO 30% water holding capacity 
of this layer to prevent an unacceptable proportion of the soluble carbon 
...... .,""11.<1 beyond 0-15 cm layer soiL ponding should be avoided to 
limit saturated 
PTTlfllP>,nT samples provides an indication 
Table : Reduction in 
Date 10/11 07/09 
Sample 
(mg/I) 3015 3325 
Sump 154 165 
Reduction 95% 
* COD = of soluble organic fraction. 
COInoalflscm of COD of 
biodegradation achieved the site. 
26/08 25/08 * 
1980 
177 209 
93% 89% 
and 
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The COD of groundwater collected Don~nOles 4 (482 mg/I) 5 mg/I) was 
up to 3 times greater than that water (165 mg/I) on the October. 
Similarly, on the lOth November, the COD of the groundwater from boreholes 4 (1292 
mg/I) and 5 (256 mg/l) was significantly higher than in the sump (1 mg/I). This 
would be expected if seepage were to have the via colluvium and 
SU12:ges:ts that the effluent bypasses the sump, which is situated at the of 
colluvium. 
reduction in the COD of groundwater with distance from the occurs: of 
mg/I in borehole 4 (60m site) is contrasted with a of 108 mg/l 
(800m from in borehole 8. The COD the was 369 mgll on 10th 
November whereas m trench was 1 mg/I. samples had high salinity 
up to 4900 mS/m) and a significant amount of their COD may be due to error 
associated with high Cl content 1). For this reason, the dissolved 
organic (DOC) was determined groundwater as well as 
...... U ... " ..... lL. sump and seepage samples from 1 Oth November. Determination DOC 
confirmed the a high CI concentration has on COD (Table 4.2), e.g.: 
difference COD:DOC ratio between effluent and Bh7. 
Table Effect ofCI (mg/l) on COD:DOC ratio: 
Sample CODIDOC 
3.4 
4.7 
127 
4300 
20000 
of the background water sample was mg/I (107 mg/l CI). The South 
African General Effluent Standard Government 1984) for 
COD is mgll (after applying a correction Cl). 
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Dissolved Organic Carbon (DOC) 
Effluent and sump samples from 10th November indicate a reduction DOC from 
890 mg/I to 12 mg/I, respectively. This represents a 98% reduction in the soluble 
organic content of the Chapman (1995) predicted that, for winery 
wastewater with COD around 3.7 gil (TOC content 1.4 gil), the soil solution would 
contain approximately 100 - 150 mg/I of organic carbon as it drains from the topsoil 
to the subsoil. Although these results are not directly comparable because the sump 
sample represents groundwater whereas Chapman's data are from soil solutions, they 
do highlight the importance of the subsoil and aquifer in DOC reduction. 
The DOC in groundwater sampled on 10th November ranged from 51 - 105 in 
boreholes closer to the irrigation site (Bhs 2, 4 and Comparison of these values to 
that of the sump on this (12 mg/I) 3U~~\J3 as menWClm:o above, 
groundwater reaching the boreholes occurs via a different pathway than that arriving 
at the sump. The DOC samples from boreholes 7 and 8, approximately 800m from 
the site, is less than 10 mg/1. The South African Water Quality Guidelines for potable 
use (DWAF, 1993) specifY a target range for DOC of 0-5 mg/l. Where the DOC 
exceeds 20 mg/I aesthetic may limit potability and the formation of 
trihalomethane during treatment may occur. Water from these boreholes is highly 
unlikely to be used as a potable source because of high salinity. 
4.1.3 Nutrients related to Organic Matter Status 
The growth of plants and the soil microbial population both rely on the provision of 
surnclent inorganic nutrients (e.g.: N, P, S, K and Ca). Limitation in the supply of 
one or more of these essential nutrients may limit microbial activity and A"C.!ln.(' 
matter degradation. However, it is unusual in agricultural soils for nutrient elements 
other than N to limit decomposition (Jenkinson, 1988). 
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Averaged concentrations of organic N, soluble N and P04 for water 
sample is provided in Figure 4.2. Organic N was calculated by subtracting the 
~ from the Kj el dahl N. Nitrogen in the effluent occurred 
predominantly in the organic form particularly the and samples. This 
may be due to biodegradation-resistant organic matter in these samples. The average 
N concentration is reduced by 87% from 19 mg/l in the effluent to mg/I in 
the sump. This is probably due to ammonification plant matter 
and other protein-rich organic matter by microbes the soiL Groundwater has higher 
N content (11 mg/l) than sump water mg/I), once again pointing 
to by-passing the cut-off drain. 
4.2 indicates that N02 - plus N03 are the major N in the effluent. 
However, in 3 of the 4 effluent samples concentrations were greater than N02 
+ NO] (see Appendix A). The elevated N02 - + NO] in Figure 4.2 is due to a nitrite 
of 56 mg/I in the sample of in the other 3 CH.n~n .. >C! 
N02 + NO] was less than 03 mg/I. Ammonium concentration decreases from the 
to sump samples and is barely detectable the and trench samples. 
decrease in ~ in the samples is ascribed to uptake by plants and microbes and 
adsorption. Phosphate was above lower limits of detection in the effluent but barely 
detectable in all other 
The N COllcentn:ltlcm m g:n:iuuawale leaving site is wen within the ;o.;"1''''-''U levels 
for potable use and excessive nitrate leaching does not constitute a limitation on the 
sustainable use ofthis land 
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4.2: Nitrogen and phosphate abundance in water samples. 
For samples from a specific source, chemical oxygen demand (COD) can be related 
empirically to carbon (Standard Methods). total carbon (TO C) 
content of a wastewater was estimated from the COD by consideration of atomic 
mass of carbon relative to oxygen. assuming that all the COD results from the 
oxidation of organic matter to carbon dioxide, then according to the ratio of the 
atomic weight of C/02; multiplication of the COD by 0.375 (12/32) will provide an 
estimate of TOe. The estimated TOC of the water samples is given in Appendix A. 
The ratio of TOC to Kjeldahl N in the samples provides C:N ratios which are often 
used assessmg the biodegradability of organic matter. The C:N ratios 
effluent samples 4.3) ranged from 80:1 - 40:1, which according to White's 
(1997) optimal ratio of : 1 for bacte~a, with a C:N ratio of 5, suggests that the 
effluent is deficient. higher C:N ratios for the Robertson effluent are 
similar to those of winery effluent from 50 in the Rhone basin of France 
(DonS, 1998) where the C:N ratio varied from 90 - 97. However, stiHwash 
from distilleries in South Australia (Chapman, 1995) provide a C:N ratio of : 1. 
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4.3: C:N ratio of water samples 
::r:: Mean+SO 
Mean-SO 
o Mean+SE 
Mean-SE 
C Mean 
o Outliers 
C 
Trench Background 
sump and groundwater mean C:N ratio is less than probably 
indicating removal of readily biodegradable organic matter volatilized as CO2• 
C:N ratio is 35 in seepage and 45 trench samples possibly indicating input 
the wetland around area. The C:N of the grape-processing 
effluents at Robertson do not appear to restrict biodegradation as there was a 93 - 95% 
reduction in effluent COD during sampling period. 
4.2 Salinity 
The electrical conductivity (EC) of the water samples and saturated paste extracts 
provides an indication of their salinity. median and quartile ranges 
for water types are illustrated in the box and plot in 4.4. 
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Figure 4.4: Box and whisker plot showing median and for water 
categories. 
salinity of the effluent places it in Class III (90-270 mS/m) of the S.A Water 
Quality Guidelines for Irrigation (DW AF, 1993). Irrigation with Class III water can 
maintain an 85% yield moderately salt-tolerant crops provided a high frequency 
irrigation system is used although a leaching fraction of up to 0.2 may be required. 
Figure 4.4 illustrates the increase in salinity that takes place following effluent 
A doubling in took 
effluent ponded on the site and 4-fold 
""'0"'''' between the effluent and 
, ... ,.., ..... "'.,... between the effluent and sump 
samples. This is attributed to the evaporative 
particular Na and Cl. There is a slight increase in 
soluble salts, in 
between the sump and the 
... u .. " ... " probably because of limited evapotranspiration in groundwater compared to 
surface water. Water from the seep is undergoing intense evaporation and therefore 
high The salinity of the water leaving the (sump sample) more 
doubles by the time it reaches the trench, which is approximately 800m from the 
59 
Un
ive
rsi
ty 
of 
Ca
pe
 To
wn
The change in during sampling period is illustrated in Figure EC 
effluent varied from 136 200 mS/m over the sampling period. This relatively 
constant contrasts with that of sump which increased from 580 mS/m on 
August to 2300 mS/m on 1 elevated water 
November is probably a of increased evaporation associated with the onset 
summer conditions (Figure 3.1 groundwater and trench exhibit less 
variation in compared to sump or seep water. 
Sump water exceeded 540 mS/m, being the maximum salinity in Class 4 of 
the South African Water Quality Guidelines Irrigation (DWAF, 1993), on all 
v,",,_ai)JlVUi:), which could to unacceptable yield reductions used for 
crop irrigation. Re-application this water to the site may acceptable in short 
term although increased sodicity will promote soil ..... v'1515I ... 15 and lead to Na and 
CI toxicity plants. 
Most livestock can tolerate salinity up to 2200 mS/m (DW AF, 1993), although 
vu'''''''~,.v'' and health are likely to be in the run, particularly in pregnant 
and lactating animals. A general guideline for livestock is that plus CI is less than 
3000 mg/l, a condition only met the sump water in August. 
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Salinity variability over sampling period. 
The EC of the saturated paste extracts are compared to the ponded, sump and seep 
samples collected on the 25th August in 4.6. The soils have grouped 
according to their moisture status (dry, moist and wet). The background sample 
represents the EC of the saturated paste extract the soil sample CPl-3 . 
........ , ............. ., a EC (300-400 mS/m) for moist and wet soils and 
effiuent ponding on the The dry soils have more than the salinity the 
moist and wet soils (median of 1000 mS/m). The dry shale soils in particular have 
extremely high salinity (up to 2790 mS/m) which is significantly more saline than dry 
colluvium appendix C). 
The moist and wet soils have EC approaching 400 mS/m, this the value at 
which are usually classified as saline (Mc Bride, 1994, p30 1). and 
from the wetland are highly saline and do not support the kikuyu grass that 
proliferates on the moist and wet soils of the irrigation site. This is probably" ....... , ..... ",'" 
dryness and not salinity although the the dry soils (-1000 mS/m) is the 
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salinity at which Russell (1976) noted significant "'''''''TO'' matter yield for 
kikuyu clandestinum). 
2800 
2400 a 
2000 
1600 
0 1200 w 
800 
c 
400 
IJ 
a 
Background Dry Moist Wet Ponded Sump 
Figure 4.6: of soil saturated paste extracts and water samples from 
August. 
Elevated salinity in the dry soil samples probably results from irregular or insufficient 
irrigation. This flushing of sparingly soluble (K, Na, S04, CI) out of 
soiL In addition, sparingly soluble salts may migrate by capillary action from 
saturated areas to adjacent areas not receiving adequate irrigation and increase in 
concentration from evapotranspiration. Soils from the longer section of 
site do not have than the more recently soils. subsoil 
solutions were up to 35% more saline than topsoil solutions in the colluvium. 
salinity of the soils the irrigation site (391 mS/m) is significantly greater 
than that of the control sample CPl mS/m). 
salinity irrigation water increases the osmotic pressure generated by salts in 
solution and reduces the ability of plants to extract water the soil (McBride, 
1994). Sump water from lOth November with salinity 23 mS/cm would result in an 
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osmotic pressure approximately 8 atmospheres. Most plants 'reach 
wilting point at about 15 atmospheres of water tension. 
4.2 pH 
The pH effluent varied from pH to over sampling period. The of 
fresh distillery effluent can as low as 3.6 (data from KWV for May but can 
VB""""'''' from acid to alkaline on a daily basis (F Botha, pers. comm.). The settling 
. lagoon, mid-way between the plant and the irrigation probably buffers these 
extreme swings in pH and results a relatively uniform pH for effluent arriving at 
the irrigation site. pH of the effluent changes from acidic to alkaline (pH> 8.5) 
irrigation. The is highest in ponded (up to 9) and is also high 
In water but appears reduced by approximately 0.5 units groundwater 
Figure 4.7). The background surface water sample was slightly alkaline with pH 
8.1. 
10r-----~------~------~------~------~----~------~ 
9 
8 
7 
6 
5 
:::r: Non-Outlier Max 
Non-Outlier Min 
c::::J 75% 
25% 
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* Extremes 
4L-----~------~------~------~------~----~------~ 
background effluent sump blh seep trench 
4.7: Variability in pH for water sample categories. 
The between field and laboratory pH determinations was less than 0.5 pH 
except the ponded sample (81) where the field was 4.56 and lab pH 
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This is believed to represent effluent that was recently 
.F. ....... u on the site at 
to 9.4 and the the time of The of the soil solutions varied from 
(8. is similar to that of the non-irrigated sample (pH 8.1) and 
ponded effluent samples (8.78). The dry soils and colluvial have 
higher than the wet and subsoil samples. However, role of Ca and Mg 
concentration in counteracting the 
soil samples Sh2/dry and Sh3/dry. 
10 pH is evident from the analyses of 
and Mg control of soil solution pH 
Sh3/dry 7.7 
EC 
2790 
2040 
Major Ion Chemistry 
270 
828 
120 
1726 
Na 
8294 
3546 
Cation and anion concentrations were determined by ion chromatography for the 
saturated paste extracts and water samples of the 25th August. All remaining water 
samples were analysed by AA spectrophotometry for cations and colorimetry for 
anions. The effluent and ponded effluent samples had cation excesses of up to 50% 
which is presumed to due to dis ociated soluble matter (e.g. acid). 
The charge balance was less than for all other sample types (Appendix B). 
4.3.1 Cations 
relative abundance of cations in the various water samples is presented in Figure 
and indicates an in all cation concentrations except CNH4) 
from the effluent to the trench samples. cation concentrations presented in 
4.8 are averaged over the sampling period for pond and background sarnOlles, 
which were collected once. 
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Figure 4.8: Cation abundance in water samples 
order of cation abundance in background sample is Na > Ca > Mg > > 
The concentration of K is elevated to the second most dominant cation in grape-
processing effluents and Na > K > Ca > > the ponded samples the same 
cation order is seen, however, Mg is more abundant than Ca. significant change is 
evident 
Na> 
seepage and trench samples where the order of cation abundance is 
> K >:NH4. Groundwater in boreholes more distant from the site (bhs 
7 and 8) have the same ord r of cation abundance as that of sump and seepage 
water UltlIP"~'~ to (bhs 2 and 4) Na > >K::::: 
Mg > :NH4, which is characteristic of effluent. relative cation abundance 
in ponded effluent and r .. TTU''''''. ofK in the 
soil as the effluent migrates to the sump. 
Ammonium is the predominant species in the effluent (range 2 - 6 mg/l), although a 
nitrite of mg/I aetlecu~a on 25 th August has skewed the data. 
Ammonium was not detected in the ponded samples although this may be due to the 
high dilution required to reduce sample EC prior to IC analysis. :NH4 was aetlect(~a 
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all the sump samples in concentrations from 0.9 to 2.5 mg/L The NH4 
concentration in groundwater ranged from 0.1 to 6.2 mg/l but was than 0.2 mg/I 
seep and samples. In the background water sample (2 mg/l) was also 
the predominant N species. A reduction NH4 concentration between the effluent 
and sump water indicates that all or some of the following processes may place: 
1) uptake by the soil adsorption to clay and organic matter and 3) 
volatilization ofNH3 (ammonia), particularly at pH. ammonium ion low 
toxicity while ammonia has high toxicity, especially to aquatic life. 
concentration grape-processing effluents is less than the standard of 10 mg/l 
N for and saline ammonia in effluents (General Effluent Standard, 1984). 
Potassium, Mg and Ca are plant and high concentrations irrigation water 
do not usually pose any constraints. However, high and concentrations can 
result in scaling water and clogging of irrigation equipment. High imparts a bitter 
taste to water and when associated with high S04 (> 1000 mg/I) may cause diarrhoea 
in livestock. salinity and sodicity limit the beneficial use of sump and 
groundwater down slope of the 
The effluent became more sodic August through to NnVP1-nh,f'r Ujrhpr'p~c: NH4 and 
concentrations decreased over this period. The NaHC03 signature of the effluent 
sample of the 10th November relative to the other effluent samples may originate from 
a higher proportion of cleaning wastewater to stillwash. Water ponded on the site 
represents effluent at various stages of treatment and evaporation. Pond sample S 1 
(Appendix A) is to represent recently irrigated effluent as it has a higher Ca 
COllcentnaticm than the other pond samples. The alkalinity, pH and SAR 
are also in S 1 compared to the other pond samples. In however, they are 
expected to increase to levels similar to that of the other ponded samples. 
The order of cation abundance in the saturated paste extracts is similar to that the 
effluent (i.e. Na> K> Ca > Mg > as the soil solution is expected to take on the 
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characteristics of the irrigation water. Minor amounts 5 mg/I) of ammonium were 
detected in only 2 of the paste extracts. Cation are higher in 
the saturated paste extracts than in ponded water (see 4.9). This is 
particularly so for the dry soil samples where average Na, K and concentrations 
were approximately 5 times more concentrated compared to the ponded and 
the and wet soils. The background soil sample has and, to a 
extent, Mg concentration to those wet and but significantly less 
and Data the saturated paste extracts are presented in Appendix C. 
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K Na Ca Mg 
Figure Average abundance saturated paste extracts and ponded 
water samples. 
4.3.2 Sodium Adsorption Ratio (SAR) 
The sodium adsorption ratio (SAR) is a critical factor land treatment and irrigation 
general as it controls physical properties. The for the water samples and 
saturated paste extracts is shown in Figure 4.10. 
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4.10: SAR water samples extracts 
The SAR of the moist and wet soils is similar to that of the effluent (- 10 mmolJI 0.5). 
The exchangeable sodium percentage (ESP) can be calculated empirically from the 
SAR (McBride, 1994, 1) and this theoretical approximation gives an average 
values of <15% for wet and moist soils and 17% for dry soils (Ayers & Westcot, 
1985, 1). The ESP at which a soil may develop sodicity problems is 15% 
although increased salinity reduces potential for clay dispersion. A SAR > 10 
may lead to increasing difficulty in maintaining the infiltration rate soil 
amelioration (OW AF, 1993). The increase salinity of sump and groundwater 
samples reduces their sodicity hazard in spite of increased SAR relative to the effluent 
(Figure 4.11). 
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4.11: Sodicity Hazard Graph (Adapted from Westcot, 1985). 
The reduction in the sodicity hazard from increased salinity can be seen in 11 
in which the effluent has a slight to moderate sodicity associated with its use 
whereas ponded, sump and groundwater samples pose no to reduction of 
infiltration rate. Additional factors mitigating against eflluent sodicity include the 
high base saturation of soils and ~ content in the eflluent as it has been shown 
(Thompson, 1983 in Thompson, 1985) that ammonium exert an appreciably 
...... "'."'t~.r effect than expected in reducing adsorption of sodium by soils. In the case of 
highly weathered, sesquioxidic soils, it has been established (Thompson, 1985) 
that the soil remains permeable with values approaching 40 where the 
conductivity of the soil solution is reasonably high (> 300 mS/m). 
Re-irrigation of sump and groundwater down slope of the is more likely to create 
sodium (and chloride) toxicity problems and nutritional imbalances excessive 
Na uptake relative to Ca) in vegetation than infiltration problems. Sodium toxicity 
not easily distinguished from Cl Symptoms include leaf bum and dead tissue 
along outside edges of in contrast to CI toxicity which at the 
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extreme leaf tip (Ayers & Westcot, 1985). The Na content of sump water varied from 
1000-2000 and were it to be re-used, it should be applied to the soil surface 
rather than '..,..,' ..... "'"tAn to limit "" ...... u.'" foliage a Na COIlLcerltra1tlOn of> 460 mg/I 
may cause foliar injury to plants (DW AF, 1 
THe Wilcox diagram Figure 4. indicates that sump and borehole waters faU 
the sodicity hazard (S2) and do not nrp,;:pnT an "'''' ..... v,'''' sodium 
hazard as soils on the Robertson are coarse-textured and have permeability. 
The salinity of these samples exceeds the high salinity category (C4). high 
salinity water can be soil is permeable, a leaching fraction is 
maintained and salt tolerant crops are grown (Lloyd and Heathcote, 1985). 
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Figure 4. Wilcox diagram for water sample 
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4.3.2 Anions 
The major anions in water and soil solutions are Cl, and 
occurred in concentrations greater than 100 mg/I. Significant concentrations of N02 
and (5-10 mg/I) were detected only in the effluent samples. Figure 4.13 
illustrates the relative anion concentrations of the water types over 
the sampling period. Figure 4.14 shows the anion abundance between the 
dry, wet and background soils as well as ponded effluent. The water sample 
data are provided Appendix A the saturated paste extract data in Appendix C. 
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4.13: Anion concentration in water samples from different locations. 
The order of anion abundance in the effluent and ponded effluent is generally > 
CI > S04> N02 > P04 although ponded samples N02 and P04 were not detected. 
In the soil solution S04 concentration is greater than Cl for the soils possibly 
indicating retention relative to CI, as Cl COIICemr;at1<)fl is generally (Tr,·gH~r in the 
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effluent. In colluvial topsoil, however, CI IS predominant. The CI and S04 
concentration in the ponded effluent was, on the moist 
wet soil samples but significantly than in the dry soils. 
In sump water, CI predominates and HC03 > S04 in August and September but in 
October November S04 > HC03. Groundwater within 60m of the site (bhs 2 and 
4) have similar anion abundance as effluent (i.e. > CI > S04), whereas with 
increasing distance from the site (bhs 7 and 8) anion abundance is similar to of 
sump samples: CI > HC03 > S04. In seep and trench water CI > S04 > with 
minor amounts « 1 mg/l) ofN02 and P04 occasionally detected. In background 
water sample, > CI > S04. 
2500~--------~------------------------~========~1 
c 
o 
:;:::; 
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c: 
G:I 
2000 4-------
1500 +------
I!!iIMoist 
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g 1000 +------
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o 
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F S04 CI N02 N03 P04 
14: Anion concentration in saturated paste extracts and ponded water 
samples. 
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Bicarbonate and alkalinity are used synonymously below, as HC03 at least 
99% of alkalinity even at pH 9. Bicarbonate is the dominant anion in the eftluent and 
varied over the sampling period 0.4 to 10.7 mmolJl 4.1 
Bicarbonate concentration from approximately 6 mmoldl in the eftluent to 
between 11 and mmold} in the ponded from the and 
A further in in an increase of approximately 4 pH units (see Figure 4.7). 
HC03 occurred in sump and groundwater (up to 41 mmoldl). a decrease in 
concentration in groundwater with from the was noted. 
taken on 10th November this decrease occurred from 27 mmoldl in Bh5 to 12 mmolJl 
in Bh 8 and to 5 mmoldl Seep and trench samples have average HC03 
approximately 10 and 13 mmolJ}, respectively. Bicarbonate 
alkalinity showed a increase over the sampling period but decreased in the 
sump. Alkalinity was not determined for the saturated paste extracts. 
24 Non-Outlier Max Non-Outlier Min 
75% 
20 25% 
a Median 
;&: Extremes 
16 
12 a 
'" 0 
u 
:x:: 
8 
4 
Cl 
0 
background sump blh seep trench 
4.15: Bicarbonate alkalinity in water samples tii+'I-"' ... "' ... t localities. 
Evaporation of brings about the precipitation of Ca and Mg as insoluble and 
relatively carbonate or bicarbonate not precipitated by 
Ca Mg may pose an alkalinity hazard (Mc Bride, 1994). The alkalinity 
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can measured as the residual sodium carbonate (RSC), where RSC [HC03-
+ C032-] - + Mg2+]. An RSC than indicates a high alkalinity hazard 
and there is potential to soil primarily through causing soil organic 
matter to disperse (Rowen, 1994). The effluent was than 2.5 on 3 of 
the 4sampIing days, however, on the lOth November the RSC was The RSC of 
the ponded IS 2.5 (except in Sl). The high Mg concentration in 
groundwater reduces the alkalinity hazard. 
Chloride is a conservative element implying that it does not readily react with other 
ions to form sparingly soluble it in solution relative to other 
anions. The high pH of the soils would preclude the potential for CI sorption. The 
content of the effluent was fairly constant at mmolcll (~ 125 mgtl) over the 
sampling period all other major ........ ,,, .. ,, showed considerable fluctuation. The 
CI concentration of the sump, borehole and samples increased over the sampling 
period. The concentration factor between effluent and sump was 60 in November 
compared to 13 in indicating role temperature. The CI 
concentration decreased in the trench samples over the sampling period possibly from 
precipitation of CI salts between the site and trench. 
The in the effluent and ponded samples (of August) did not exceed mgtl, 
the concentration at which toxic effects in crops become especially severe (DW AF, 
1993). Very tolerant crops barley and wheat can tolerate levels 
of up to 2800 mgll Cl in saturated extracts which is of the same order as the CI 
nno, .. ,.,,,,,,,,, in dry soils. spray with sump water 
and groundwater from the boreholes is to cause foliar damage. For livestock 
CI content should not .... A ... ""'U for non-ruminants and 3000 
mgtl for ruminants as salt poisoning may occur. This the use of sump water 
","V£"","TU for August) groundwater Bh2 and 4) for stockwatering. 
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Sulphate is the predominant anion in the soil solution on the irrigation with a 
maximum concentration of (average although in the drier colluvium 
samples CI is dominant (maximum of and average of gil). This 1'(',,"11",., .. ,1-,./1 
with effluent and samples where Cl usually predominates and that 
S04 is retained the soil relative to Cl. Sulphate concentration in the 
effluent, borehole and trench samples over the sampling period but increased in the 
sump samples. 
Ion chromatography allowed for the differentiation between N02 and N03 whereas 
the colorimetric did not. Nitrite is the major nitrogen species in the effluent 
but N03 was dominant in the soil solutions. Ion indicated that N02 
and N03 were below detection levels in all other water samples. Much lower 
concentrations of N02 and N03 (0.2 - 0.3 mg/I) were detected in the effluent by 
colorimetric analysis but were below detection levels all other water samples. 
Nitrite was not detected in the ponded samples, which is to be expected given the 
chemical demand of ponded (up to 272 mg/I). In O2 poor conditions, 
N02 is likely to be readily utilized as an oxidant (electron acceptor) in biodegradation 
as it releases more energy than oxygen usage (McCarty, 1972). 
Nitrate and were detected primarily in dry soils (Figure 4.14). Nitrite was not 
detected in the moist and wet soils except in Sh3/moist (28 mg/I N03). Nitrification 
of protein-rich ""iC,on'lI' matter results in the occurrence of N02 and N03 in the dry 
soils. Nitrification is unlikely to take place in the wetter soils as NH4 produced by 
ammonification of organic matter is probably immobilized by adsorption, uptake by 
soil microbial biomass and plants or volatilized as NH3. The high N02 (up to 731 
mg/I) and N03 (up to mg/I) concentration in the dry soils is attributed to 
evaporative concentration in these low productivity, saline Nitrite and N03 
were generally not detected in sump or groundwater samples. Their absence suggests 
that denitrification may occur in the oxygen deficient subsoi1. Leaching of is 
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not considered a hazard at the Robertson site. The nitrate concentration IS the 
background water sample was 0.2 mg/I. 
Phosphate (P04) was detected in effluent in minor concentrations (- 5 
mg/I) but was below detection in the ponded samples. Phosphate was generally 
not de1teC1ted the soil solution although up to 49 mg/I P04 was detected in the 
colluvial topsoil. Controls on P04 solubility include immobilization in the soil 
biomass, adsorption on sesquioxides and precipitation as CaP04 or FeP04. 
Phosphate occurs in minor concentrations 0.5 mg/I) and is usually below detection 
levels in the sump, groundwater, seepage and trench samples. The background water 
sample had a P04 concentration of 0.8 mg/I. 
Fluoride was only analysed for in the taken on 2Sth August A concentration 
of 50 mg/I was detected in the but F was not in the ponded, sump or 
samples but was detected in the trench sample (S2 mg/I). The trench sample 
however, concentrated by a factor of 80 compared to the effluent This indicates F 
retention in the soils and/or was detected in 9 of the 16 soil 
solutions at a median concentration of 7 mg/I (up to 64 mg/I in CoIl/dry) suggesting 
weak sorption particularly on colluvium. Fluorine has a low to moderate 
phytotoxicity and shows toxicity symptoms at concentrations from SO SOO (leaf 
dry weight) in plants that are neither highly nor tolerant (Kabata-Pendias, 
1984 in McBride, 1994). Fluoride is not considered hazardous to vegetation although 
the S2 mg/l in the trench may constitute a risk to drinking this water as 2 mg/I 
F is the maximum guideline value livestock watering (DW AF, 1993). 
4.4 Minor and Trace Element Concentrations 
Minor and trace element concentrations in water samples and saturated paste extracts 
2Sth August are 16 and 4.17. The values for the moist 
and wet soil solutions and the ponded effluent are averages of up to 5 samples 
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whereas the categories represent single analyses. ICP-MS analyses 
were semi-quantitative and therefore serve as an indication of the relative abundance 
of minor and trace elements in the The reproducibility of 
these results for some the samples was in chapter 3. solubility 
non..;.conservative will controlled by, for example, pH, Eh and ionic 
strength. high salinity and organic content of the wastewaters, before 
consideration of any hazardous levels of minor and trace elements, that they 
are not potable and constitute a risk to aquatic if discharged directly into streams 
and rivers. 
In Figures 16 and 4. it can seen that there is generally no significant rht-tp>r,':>"r'p 
in most trace constituents between the dry, moist and wet although Fe (7 mgll) 
was significantly greater in wet soils and Br (21 mg/I) in dry s ils. All samples, 
including saturated paste extracts, have higher concentrations than the effluent for 
all analysed minor Silicon to be with a fairly 
constant concentration (-5 mg/I) for most water samples although only 1 mg/I was 
detected in the seep and 12 mg/I in wet soils. Silicon may be removed from solution 
by precipitation of silicates or as an amorphous gel. 
Aluminium concentration lnrrpl'IlO!PIO! from 0.5 mg/l in the effiuent to ph,,,,,,,,," I and 2 
mg/l for all other water samples. In the soil solutions, concentrations were generally 
less than ppm and often below detection limits; however, in sample RSIIsub 
(subsoil near sump), 1 ppm Al was detected. At pH > 6 total Al solubility 
approaches 10-3 M but increases at pH > 8 as a result of Al(OH)4-
(McBride, 1994). The relatively high total Al concentration in sample RSIIsub may 
be due to colloidal clay minerals that were not completely removed during sample 
preparation. sample also had the highest Si concentration mg/l). Bromine 
is a conservative element and its concentration all the samples is correlated with 
salinity. 
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Figure 4.16: Concentration of 
water samples 
and Br in saturated paste extracts and 
Boron is rated as a relatively mobile element which concentrates in surface soil arid 
and semi-arid climates (McBride, 1994). Boron mobility is indicated by increased 
concentration in all samples relative to the effluent. However, B concentration in 
effluent is less than 1 mg/I and increases to between only 1 and 2 mg/l in all other 
water soil solution (Figure 17). This indicates some on 
salinity increases by a factor of up to 60 between effluent and sump samples. 
Boron is barely detectable in soil solutions. Boron has a marked 
on plants from standpoint of plant nutrition if B is deficient in soil, and of toxicity 
if present in amounts (Mengel and in Ginster, 1993). The 
effluent does not have B to injure plants directly but the in B 
concentration due to evaporation (up to 8.2 ppm in Sh2/dry) may lead to eventual 
toxicity problems. the wet and moist soils maintains the B level at 
than 3 ppm. B concentrations occur in the colluvium than in the shale soils 
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(except for the dry shale soil) probably because 
colluvium. 
the lower clay content of the 
El8 rn 
7 
6 
5 
c: 
:i 4 +-----------·--~H--··~----·-------{@___j 
~ 
5 3+----------------~-~~-------------------~~~ () 
2+------=~-------
o 
Effluent Pond Sump Seep Trench CP1-3 Dry Moist 
Figure 4.17: Concentration ofB, 
and water samples. 
Mn, Cu and in saturated 
Wet 
extracts 
The concentrations ofMn, Cu and Zn are all less than 0.5 mg/I in effluent but 
are elevated all other samples (Figure 4.17). This is contrary to expectation as 
reduced solubility is expected with increased as occurs after irrigation. 
The elevated salinity of samples, other than the effluent, may explain the increased 
concentration of these The content grape-processing effluent may 
also metal solubility by complexation with organic ligands carboxylate). 
The relatively high 1 mg/I) and Mn concentrations of the seep, trench and soil 
solutions may be due to colloidal & Mn oxides. However, and Mn2+ were 
detected in sump (and boreholes) samples at concentrations of approximately 2 mgll. 
The high of Fe in the wet soils mgll) to moist dry 
soils may point to the reduction of during oxidation of organic matter. The 
concentration exceeds the general effluent standard (0.4 mg/I) all samples 
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except the "' .... " ... "",.. and ponded samples but is unlikely to constitute a hazard to 
livestock or plants at the measured concentrations. The Da(;K9TOl solution 
(CPl-3) has higher Mn and Cu content compared to the 
The Cu concentration. in the effiuent was 0.1 mg/l and increased to 0.5 mg/l in the 
Cu concentration in the soil solutions is than 1 and the general 
effiuent standard for Cu is 1.0 ppm. The detected Cu is likely to occur as complexed 
with matter and sorbed onto colloidal oxides and day (McBride, 1994). Zinc 
was detected at a concentration of 0.3 ppm the effiuent and increased up to ppm 
in seepage. Cu, the activity of free IS low in alkaline conditions 
and the in the samples may occur as Zn-organic complexes (McBride, 1994). In 
the soil solutions the Zn concentration is less than ppm and often below detection 
limits in the paste ........ V ....... ,F. ",yr,-,.n,rr sorption n The Zn 
concentration does not exceed the general "' ..... , ... "',,. standard ppm) and at the 
detected concentrations is unlikely to pose any hazard. 
Conclusions 
Land treatment of grape-processing effluents near Robertson results in 
transformation of a low salinity, organic rich effluent to a high salinity water much 
lower organic matter content. The aridity the area exerts control on the 
salinity levels in wastewater which leaves the and groundwater downslope of 
the The hydrogeology of the area results in surfacing of groundwater and 
evaporation, produces salt in a seepage zone some 400m 
downstream the Groundwater analyses indicate leakage of effluent through 
the weathered shale saprolite beneath the 
The salinity levels the water the pose the major f'n' ... ..,t'ca .. .t on its 
belletlcllU re-use. increased salinity and sodicity the water leaving the site is 
likely to detrimentally affect agricultural activities below unless this shallow 
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seepage water is significantly diluted with low-salinity 19a11l0n water. The plume 
associated with movement of water body is expected to have already 
reached the Breede River, some 2.5 km away. Re-solution of the salt at 
the onset of winter will result in a pulse of highly saline water moving 
downstream with potentially harmful consequences for downstream irrigation 
schemes and add to the already serious problem salt build up in the nver. 
total salt load originating from the irrigation scheme and reaching the Breede 
River is difficult to estimate without an adequate record of effluent volumes and 
salinity levels and will be difficult to differentiate salts added by return flow 
irrigation The prevailing climatic and hydrological 
conditions will also determine the load reaching the river. A salt load, which was 
estimated from assuming that all Na and CI and half the Mg and 804 in effluent 
the site (but does not reach the Breede that 400 
kg/day is ",,,,,,,,. ... n 
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CHAPTER 5 
GEOCHEMICAL ASSESSMENT OF THE PROCESSES 
AFFECTING SURFACE AND GROUNDWATER 
5.1 Introduction 
Chapter 5 described how grape-processing effluents are transformed from organic 
rich, low pH and low salinity wastewater to a Mg, ct, S04 brine. These changes 
result from a combination of bioochemical and geochemical processes that are 
operative primarily within the soil also determine groundwater hydrochemistry 
down-stream of the site. The processes believed to occur include: biogenic 
precipitation 
of matter, evaporative concentration of soluble salts, 
sparingly soluble salts, ion and adsorption and the reduction 
of nitrogen spe:cu:s, Fe and Mn oxides and S04. This discusses the evolution 
of the grape-processing effluent in terms of these processes. 
5.2 Mineralization of Organic Matter 
In chapter 4 it was shown that the Robertson site reduces effluent COD by up to 95%. 
promoting the of organic matter include the nature of the 
organic matter; of the bacterial population; availability of oxygen and other 
temperatures between 20 - 300 C; soil moisture corlteflt: nutrients 
and suitable pH conditions (Verstraete et 1995). 
Although analyses of the organic constituents of effluent were not undertaken, 
analysis offresh distillery effluent from 1999, indicated that approximately 90% 
of the load is soluble. Soluble organic matter in grape-processing effluents 
contain readily biodegradable carboxylic acid, alcohol and sugars (Chapman, 1995). 
The of the was constant and is to winery effluent. 
irrigation implies the soil contains an (the right size for the organic 
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load) microbial population capable of 95% COD removai rate (Chapman, 
Pearce et al., 1995). the oxygen demands of the decomposers possibly 
constitutes main constraint for land treatment of rich effluents. 
the via cannons undoubtedly oxygenates the coarse textured 
soils (sandy loam) of the Robertson promote oxygen di:ffUsion thereby increasing 
the rate of (Van Veen et al., 1985; Ladd et 1). However, 
ponding (from or soil will decrease organic 
matter mineralization because of limited oxygen availability (Verstrate et al., 1995). 
The presence of N03 in the drier soils but complete absence in ponded water, sump 
water and utilization as an electron acceptor during 
mineralization of nrc'!ln.'" matter. aspect will be in more detail in 
section The mean monthly temperatures at the Robertson are between 20 and 
300 C and optimal for organic matter degradation. C:N ratios in the effluent 
indicate a possible N deficiency which does not appear to reduce the amount of COD 
reduction achieved. Organic matter decomposes more slowly in strongly acidic soils 
(pH < 5) (Jenkinson, 1988) but this is probably not impeded significantly over the 
range of pH 
Evaporative Concentration and Precipitation of Sparingly Soluble Salts 
Evaporative concentration and the precipitation of carbonates playa dominant role in 
the evolution of the chem stry of grape-processing effluents at Robertson. Garrels 
and Mackenzie (1967) calculated that progressive evaporation spring water from 
the Nevada would ultimately result in alkaline sodium brine. This 
occurs primarily because of the removal of Ca and and persistence Na in 
solution; the results of their calculations are shown in Figure 5.1. The 
the concentrations of individual solutes on a logarithmic scale plotted against the 
concentration factor (also log scale). The concentration factor is the of the initial 
volume of water to the volume remaining evaporation. 
Chloride usually increases linearly with increasing salinity. This 
behaviour is termed conservative as the total amount of solute remains in solution at 
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all of evaporative concentration. Sodium 
ion exchange at high ionic strengths may occur. 
behaves conservatively although 
10.00 
9.00 O.tO 
8.00 
SiO:z 
0.001 
0.0001 0.0001 
0.00001 0.00001 
1.0 2.0 50 10.0 30 100 1000 . 
Concenfration Factor 
Figure 5.1: Calculated of evaporating Sierra spring water 
and Mackenzie, 1967). 
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Solute concentrations can be plotted against concentration to indicate behaviour 
during brine evolution. plot ofNa the grape-processing effluents at 
Robertson indicate Na enrichment (relative to CI) in the and ponded samples, 
probably as a of alkaline cleaning wastewater in the effluent stream. 
3 ,---------------------~---------------------~ 
• Effluent 
<> ponded 
Asump ~ 1 
...J 
0 
0 
+ O~------~··~--~------------r~==========~ 
o 1 2 3 
Log mmolc cr 
Figure Na versus CI concentration for water 
Most the groundwater and all remaining water samples display near perfect 
conservative behaviour for Na with solute concentration (Figure 5.2). wetting 
and drying, which brings about the differential dissolution of efflorescent crusts may 
modifies brine evolution. The complete evaporation of water and deposition of 
salts during a dry period is followed by partial re-solution of the during a wet 
period 1980). All solutes are deposited following evaporation but during re-
solution the rate at which less soluble compounds dissolve may prevent their 
dissolution. The evaporation-solution cycle, therefore, enriches the resultant brine in 
highly salts but depletes it that a slow rate of dissolution. 
85 
Un
ive
rsi
ty 
of 
Ca
pe
 To
wn
discussion of evolution of non-marine brines, Hardie and (1970) 
introduced the concept of chemical divides. operative principle in this concept is 
that whenever two ions are in precipitation of a salt during evaporation, one 
will build up in the solution while concentration of other will become 
small. The Hardie-Eugster model interprets the chemistry of water undergoing 
evaporation in terms of a succession of divides. Some of the possible paths 
for the evaporation of natural waters are shown 
Figure : Some possible paths for the model evaporation of natural waters 
modified from Hardie and (1970) after (1987; p. 1). 
behaviour of IS indicated in 5.1 and it is 
commonly the first mineral to precipitate during evaporative concentration. Calcite 
precipitation is plot of Ca CI 5.4 of 
diminished rate of concentration of cation relative to Cl. Contrary to the 
calculations of (1967), which complete of 
Ca at a concentration factor of around 100 5.1), Ca concentration increases 
at a rate with chloride concentration. may be 
derived from resolution of sparingly soluble salts and Na exchange for Ca in the soil 
and aquifer. 
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5 A: Ca versus CI COIICelntnltlOin water types 
Figure 5 A indicates increasing Ca concentration with evaporative concentration. 
Removal of Ca is thermodynamically possible on the ponded samples have 
average calcite saturation indices 1.7 (S.1.). ositive saturation index for 
calcite (Table 5.1) in all water samples except the effluent indicates that the 
effluent with reSI)ect to is likely over 
the entire concentration range Figure < for calcite in the sump 
water that Ca solubility is controlled by this mineraL 
Table 5.1' Saturation indices for a selection of minerals using 
Sample LD. 
Sample Date 
Phase 
Calcite -2.15 1.71 0.44 1.75 1.62 1.07 -0.12 
Dolomite CaMg(C0:3)2 -4.12 3.91 1.50 3.93 3.89 2.79 -0.02 
-2.00 -1.86 -1.20 -1.01 -0.43 0.48 -2.85 
Sepiolite MS4S~~5(OHh.6H20 -12.00 1.90 -2.90 0.47 -0.78 
Quartz Si02 0.06 0.30 -0.46 0.26 
Increased carbonate activity and evaporative concentration causes calcite to 
precipitate. Whilst Ca is available to precipitate as CaC03, a build-up in alkalinity is 
prevented and the system is buffered at a of around 8A. With depletion Ca and 
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continued build-up of Na and alkalinity, increases. The availability of Ca to 
remove alkalinity ensures that the of the groundwater, seep and trench water 
remains below 8.6. The control that Ca exerts on solution 
following equation (Drever, 1997): 
is illustrated in the 
is the arnlOSDm~n partial (Ca2-i) is the activity Ca 
In solution. The plot of bicarbonate alkalinity against CI (Figure indicates 
elevated HC03 in ponded samples and in Bh 2 (relative to conservative evaporative 
concentration). increased alkalinity in the ponded samples is attributed to 
C02 caused primarily from the degradation of the organic matter the 
effluent, which produces bicarbonate alkalinity: 
, 
C'} 
0 
0 
I 
3 
II effluent 
<> ponded 
2 
1 
o +---------~~---
II 
-1 
-1 o 1 2 3 
Log mmolc CI-
Figure 
types 
Bicarbonate alkalinity versus CI concentration for water 
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Depletion of bicarbonate in groundwater, seepage and trench water is 
pre:Clpltatlon of Ca and possibly Mg-carbonates, 
to the 
slope an imaginary trend line through the data points in Figure indicates 
thatMg is also removed from solution with evaporative concentration but to a 
degree Figure of appears to commence in groundwater 
and sump samples that have undergone a factor of at least 4, Garrels 
and Mackenzie (1967) suggested that may be as sepiolite 
(M~Si6015(OH)2,6H20). Eugster & Hardie (1978) and (1980) use 
and dolomite in their brine evolution models (Figure Drever (1997) 
states that the most common Mg-containing nature aDD!ear to be Mg-rich 
smectite, dolomite or high Sepiolite has a positive in the ponded 
samples indicating that it IS thermodynamically possible for it to precipitate. 
However, sepiolite has an of -2,9 the sump sample and remains undersaturated 
in the trench and close to equilibrium in the seep sample (Table Dolomite a 
positive SJ, all samples except for effluent samples, 
solubility of minor and trace elements is likely to be limited by high pH as these 
are subject to with High pH the mobility F 
as does concentration because the foonation of soluble NaF (McBride, 1994). 
Phosphate is generally the most strongly adsorbed anion and precipitation (as CaP04) 
may also occur although in alkaline soils, P04 solubility can be higher than in Ca-rich 
soils because N a suppresses precipitation and alkaline anions (BC03, C0 3, OR) 
displace phosphate from chemisorption on variable minerals (McBride, 
1994), The low clay content and pH> 8.7 the colluvium topsoils may account 
the presence ofP04 in these soil solutions, 
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Figure versus CI concentration for water types 
The ap(~-plrooess:mg "'1.1." ............ typically has ", ... """1-",, .. rnr1rpntr~t1( .. n 
and according to the modified brine evolution model Hardie 
of HC03 than Ca 
.wUl';i:)~v' (1978 in 
1997) initial precipitation of calcite will result in a solution enriched in Na, 
Mg, C03, S04, and CI (path I 5.3). Further evaporation of this solution may 
result in the precipitation of sepiolite (or Mg-calcite) and the positive for 
sepiolite mineral, at least in ponded samples, suggests that this is thermodynamically 
possible. Where > (meq), as is the case the ponded water, and 
increasingly in all samples down gradient of the site, the solution will evolve along 
IV 5.3 the final solution from continued solute concentration 
will be a carbonate-free Na, Mg, S04, CI brine. In the effluent sample 7lli 
September (PH 4.5) > alkalinity and here evaporation may result in gypsum 
precipitation. The positive SI for gypsum in the trench sample suggests that it is 
possible for this mineral to eventually precipitate from the effluent provided the Ca 
concentration is sufficiently high. Thus the chemical divide principle the Hardy-
is not directly applicable compositional variability of OT"' .... ""_ 
processing effluents. The original Hardie-Bugster model is an oversimplification of 
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the world as U<>1"ln11 .... ru·<>THU> concentration can affect the 
evolution of brines. 
Ion Exchange and Adsorption 
Ion exchange and adsorption reactions are likely to take place oerwel:m dissolved 
components in the effluent and ions adsorded on soils and sediments. Differential 
uptake cations on such as provided by clays account 
for some of the non-conservative behaviour of ions. type content, organic 
matter content and cation exchange capacity (CEC) of the soil determine the extent to 
which sorption may occur and the n""" .... ","", to which COlnpCJSHlOn may 
The particle size distribution, organic matter content and exchangeable cations (1M 
~OAc) of the soil samples are presented in Table 
Table Particle Distribution (%), Organic Carbon Content (%) and 
Exchangeable Cations* (cmol/kg). 
Shllmoist 
Shl/wet 
Sh2/wet 
Sh2/dry 
Sh3/moist 
ColI/top 
ColI/sub 
ColI/dry 
Col2/top 
Col2/sub 
RSIItop 
RSIIsub 
SSI 
CPl-3 
Clay 
6 
8.2 
11.1 
11.9 
13.8 
15 
13.9 
7.6 
8.8 
10 
6.8 
2.8 
5.6 
5.9 
3.8 
3.4 
Silt Sand Org C 
10.6 83.40 1.10 
10.3 81.50 1.30 
16.3 72.60 0.80 
12 76.10 0.90 
15.3 70.90 0.80 
13 72.00 0.80 
12.9 73.2 0.8 
6.2 86.2 0.6 
6.5 84.7 1.5 
5.9 84.1 0.6 
5.5 87.7 0.5 
4.3 92.9 1.6 
4 90.4 0.3 
3.4 90.7 0.4 
3.9 92.3 1.3 
4.1 92.5 0.4 
K 
1.78 
2.01 
2.76 
2.19 
6.72 
1.58 
0.98 
1.09 
0.55 
0.86 
L23 
1.7 
0.29 
0.68 
0.47 
0.1 
Na Ca 
1.86 5.84 
1.95 10.16 
1.57 14.54 
1.89 9.88 
6.91 10.18 
1.34 5.67 
4.09 2.65 
1.38 2.33 
0.73 1.29 
1.42 2.52 
L05 4.97 
1.17 . 3.36 
0.26 2.43 
0.97 1.48 
2.31 6.72 
0.1 4.42 
Cations: determined by 1M ammonium acetate 
includes exchangeable and soluble cations. 
Mg 
3.48 
3.75 
2.91 
2.8 
4.15 
2.5 
5.47 
1.59 
0.84 
2.1 
1.44 
1.51 
0.71 
0.92 
3.04 
0.66 
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The clay fraction of the soils consisted predominantly of mica and kaolinite 
(Appendix has low compared to other layer silicates although 
'edge-sites' may contribute up to 15 cmol/kg (Mc Bride, 1994). Mica, in particular 
illite, with its loA c-spacing tends to trap between layers resulting 
comparatively low CEC. Sesquioxides, although not detected by probably 
because of their poor crystallinity and low concentrations, are believed to be present 
in the soil clay fraction (Fe203 content of soils in Appendix Fine-grained iron 
oxides and soil humus are anticipated to provide most of the of the soils and 
The soil CEC presented in Figure also includes soluble cations and estimation of 
the CEC would require subtraction of soluble cations. The data indicate, 
however, that Na dominance in the effluent, the exchange sites are 
predominantly Ca saturated. The concentration-charge effect predicts that at higher 
electrolyte concentrations there is a shift in favour of lower cations on 
(Mc 1994). This does not appear to be the case even for the 
saline soil samples such as and Shlldry, although exchangeable and soluble K 
plus Na exceeds Ca in sample Sh2/dry. It can be concluded that at the Robertson 
frequent leaching with low salinity effluent results in 
eXC:hal1ge sites. 
and ~g dofl'linance of 
The ion most affected by ion exchange is K and it is usually depleted in saline waters 
relative to Na as a preferential adsorption, particularly the of 
silicate clay minerals. Table indicates that exchangeable (and soluble) is 
frequently greater than Na and contrasts with Na > K in the soil solution. The 
attenuation of at the Robertson site is illustrated in Figure Potassium reaches 
maximum concentration in ponded but is subsequently removed as the 
effluent migrates through the soil and materiaL 
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o ponded 
2 A. sump -~ .. 
o boreholes 
o seepage 
1 
background 
0 0 
0) <0 0 6 A. 0 0 
.....J CtJ 
0 
+ 
-1 
-1 0 1 2 3 
Log mmolc cr 
Figure K versus CI concentration water 
of the soils is to result in sorption of trace elements such as and 
onto AI and oxides, matter and silicate minerals. Increasing pH may 
mobilize these elements although the are probably not alkaline to 
produce metal hydroxy/carbonate compounds (McBride, 1994). 
5.6 Redox and Electron Acceptors 
Where replenishment of dissolved oxygen is restricted, decomposition of organic 
matter causes the potential to (Hickman, 1989). Oxidation reactions 
involved in metabolizing organic compounds are coupled with microbially mediated 
reactions proceed in a 1'1',,', .. "' ... 1""" .... as redox potential 
declines (Table 2.2). sequence is paralleled by a succession of metabolic 
strategies used by the ml,Cr(]i-Ol'gamsms responsible for decomposition the 
order aerobic respiration, denitrification,· fermentation, sulphate reduction and 
SeeDai:~e leaving the is believed 
to result from denitrification in the subsoils although uptake by plants and soil 
biomass may also account N losses the detection of and 
Mn2+ (1 2 mg/I) in sump and groundwater samples (Table collected on the 7th 
September may indicate that Mn and oxides are used as electron acceptors during 
oxidation of organic matter in the 
the aquifer: 
,",UL."'U.'15 conditions ex[)ecrea saturated soils and 
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Table 5.3. and Mn2+ concentrations in sump and groundwater 
Sump Bh4 Bh5 Bh8 
Mn2+ 1.8 0.17 
When redox potential becomes sufficiently low, reduction sulphate to sulphide 
species can reduce sulphate natural waters. Methanogenesis may also occur 
although sulphate reducing bacteria usually inhibit production of methane 
1989). Sulphate reduction results in an amount alkalinity, 
which may precipitate as a or carbonate or build up in the solution (Drever, 
1997). Figure illustrates the behaviour of S04 with evaporative concentration and 
indicates that sulphate is depleted middle part of cOIlcentratH)fl range (i.e. 
between 
seepage and 
indicated by 
indicating 
3 
N'<t 2 
0 (f) 
1 
C) 
0 
..J 0 
-1 
-1 
Cl: 
the 
1 2) corresponding to sump and groundwater samples. In the 
samples, sulphate appears to behave nearly conservatively, as 
alljl;nrnlent of the composition points parallel to the solid line 
behaviour. 
• effluent 
<> ponded 
Asump 
o boreholes 
o seepage 
background i 
0 
a 
o 1 2 3 
Log mmolc cr 
5.8: S04 vs. CI concentration for the various water types 
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Whilst surface and ion may account for some S04 removal, it is 
believed biogenic reduction of sulphate occurs in soils and groundwater at the 
Robertson sulphate reduction reaction is termed a fermentation reaction and 
bacteria use S04 as a terminal electron acceptor in the oxidation organic matter to 
ru.UUl~r,U sulphide species are the final reduction product, thiosulphates are 
more likely where > 7. Thiosulphate is responsible for some of the strong odours 
associated with anaerobic biodegradation of grape-processing effluents. 
Reducing conditions may mobilize Zn and this may explain slightly elevated 
concentrations in the sump, seep and trench samples. conditions 
in the soils are probably not prolonged enough to allow for significant metal mobility. 
Soil re-aeration after irrigation coupled with high pH IS ext)ecrea to limit trace 
element mobility. 
--000--
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CHAPTER 6 
CONCLUSIONS AND RECOMMENDATIONS 
The main findings of this investigation are summarised in section 6.1 from which it 
can concluded that the objectives study have been met. Management 
recommendations for improved operation and discussion of areas that further 
research are presented in 6.2. Application geochemical principles permits an 
understanding of the behaviour of the various constituents in grape-processing 
",A.A.,''''''''''''' as they are by land treatment and modified in groundwater down the 
hydraulic gradient. The model of non-marine brine evolution in closed 
basins provides a useful framework to assess the of various constituents in grape-
processing effiuents and the compositional pathway of these wastewaters in semi-arid 
environments. This model does not, however, account for all observed cnamgl~s 
in composition. Geochemical processes such as ion-exchange, adsorption and 
reduction need also to be applied explaining more fully the compositional evolution 
of the effiuents. 
6.1 Conclusions and Implications for Sustainable Use of the Site 
treatment of grape-processing effiuent at Robertson results in a reduction of 
from 89 - 95% in COD of the effiuent. A maximum effiuent COD of mgll can 
compared to a maximum COD of 209 mg/I the sump, on the perimeter the 
site. The reduction in the DOC of the effiuent is almost 99% and the difference 
n",,.-.,, .. ,·n COD and DOC reauctlon is attributed to particulate organic matter sump 
water as as the effect high on measurement. The estimated C:N ratio 
of the effiuent does not to limit efficiency at COD is reduced by 
land treatment. data indicate that biodegradation continues but to a limited 
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in saturated subsoil and aquifer material compared to topsoiL sump samples 
undetectable levels of N02 and NO] may indicate utilization as electron acceptors 
(oxidants) in continued biodegradation in oxygen-poor conditions. With depletion of 
N02 and NO] and biodegradable organic matter still present, the redox potential falls 
electron acceptors such as oxide and are ultilized as oxidants. 
Evidence low potential includes dark grey colour of some subsoil samples 
(characteristic of reduced and the odour from the (from 
volatilization reduced sulphur species). generation odours is one the 
more important environmental from land treatment of grape-
processing effluents. 
Further reduction COD and DOC occurs ,nn"M,.TPr with nCf'easmg distance 
from the detection and Mn2+ in groundwater may indicate the 
participation solids in biodegradation. The behaviour S04 as 
demonstrated by the plot of S04 against CI points to 
deviation from conservative behaviour during evaporative concentration, particularly 
in sump samples and groundwater. The COD of the effluent is reduced to background 
levels (- 90 mgtl) within 800m of the site. 
The of the .. ,u" ...... ', .. changes acidic (pH - 5.5) to alkaline (pH -8.5) after 
irrigation and is attributed, at least initially, to removal of soluble organic matter 
entailing volatilization of CO2 biodegradation. Subsequently, precipitation of 
carbonate occurs because evaporative concentration, which buffers the pH around 
8.5 by carbonate from of alkalinity is 
controlled by Mg concentration, which increases 
bicarbonate. 
irrigation relative to 
log of major concentrations was compared to that of CI to establish behaviour 
with evaporative concentration. Relative to Cl, the concentrations of Ca, K and 
are significantly reduced the effluent site. is attributed to "''''''''''U'"' 
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precipitation and adsorption on clay. Reduction of Mg and concentration also 
occurs but to a than Ca, and HC03. Non-conservative 
behaviour ofMg is attributed primarily to Mg-carbonate/silicate precipitation 
S04 reduction is evident from groundwater composition data. The solution migrating 
from the site and ultimately reaching the Breede IS a CI, brine, as 
predicted by of brine evolution. 
semi-arid climate Robertson area plays a significant role in reduction of 
COD the salinity observed in the processing effluents. The 
between effluent water in the by a of 3 
between August and November. Salinity levels 2000 mS/m and average 
SAR of mmolJ]°·s October and November preclude the beneficial re-ll;se of 
sump water for irrigation or Groundwater from boreholes close to 
the (4 5) could be returned to the provided this water is not 
irrigated, as and CI may cause foliar damage. Groundwater to the surface 
approximately 400m north-west of boundary it undergoes further 
evaporative concentration. Copious salt efflorescence was noted in 
particularly November. 
significant increase in occurs from with 
seepage 
effluents. Soils receiving irrigation are sub-saline (EC < 4mS/cm) but dry 
soils are saline with particularly high concentrations of K, S04 and CI compared 
to wet and soil samples background samples. salinity 
of dry soil samples was approximately 1000 mS/m, this being close to the limit of 
survival for the Kikuyu (Pennisetum Clandestinum), a that flourishes well 
irrigated areas. 
In spite of the enrichment in Na in the effluent and an 
the effluent and 20 soil solutions, Ca uv" ......... ,.'" 
SAR or around lOin 
that may promote loss of permeability include carbonate precipitation and a 
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high content suspended and relatively non-biodegradable organic matter in the 
effluent. Precipitation carbonate on organic particles further limit 
biodegradation and reduce infiltration capacity. ponding of effluent 
in furrows on the may simply result over-irrigation; the evaporation rate 
from April to IS than half the effluent irrigation rate. 
Changes in soil properties as a result of effluent irrigation included an ",ruu',.,.'V', 
doubling in soil organic content compared to background Subsoils had elevated 
content compared to topsoils and and wet samples had higher organic 
content compared to dry soils probably from reduced rates of biodegradation 
in saturated conditions. An increase in of soils compared to that of 
non-irrigated soils could not be established unequivocally as the clay content of the 
soils more important in determining soil exchangeable cations than whether 
or not the soil receives effluent. 
The climate of the Robertson area necessitates continuous irrigation to 
prevent a build-up salinity in the soil which may threaten of the vegetation 
cover. It appears that, provided that salinity of the soil solution is kept below an 
of approximately 1000 mS/m, persistence of species appears ensured. A 
good vegetation cover also ,n ... r",,,,,,,,,,,,, the rate of evapotranspiration and nr",rn",!'",,,, 
permeability and cohesion. Salts need to flushed the soil to maintain 
conditions conducive to bacterial and plant growth. This implies that there will a 
salt load leaving the site just as would occur under normal crop irrigation. 
estimate of the salt load leaving the site was made based on the data from August to 
November. are that operation is continuous at a rate of30 and 
all Na and and half of the Mg and S04 in the effluent is leached from the site. An 
.,,,,,.r,,,,,.,,,, effluent TDS of llOO mg/I (BC x 6.6) which leachable salts make 
approximately 50% of the 
(or 1.1 kg/ha/day). 
load is estimated to produce a salt load of 400 kg/day 
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Minor and trace elements in the solution and "' .... "'vu.~; .... 
at to plants or livestock. The (7 9) of 
do not occur 
soil solutions and 
the postulated precipitation of calcite ensure a sink for most metals. De-
commissioning of the site may, however, calcite dissolution and desorption 
of metals and other potentially hazardous elements. Whether constituents would 
persist in solution or occur at elevated concentrations to pose a hazard 
investigation. 
has undoubtedly been a environmental impact on soils 
and hydrology downstream of the Robertson site from irrigation grape-processing 
effluents. Although the has favourable soil and climatic conditions for land 
treatnllerlt, the hydrogeological conditions operational problems for this site. The 
current modus operandi does not appear to have had a deleterious impact on soils in 
as much as they support a bacterial community with the capacity to effectively 
biodegrade organic matter in the effluent and sustain a thriving (albeit an alien) 
plant community. Sterilisation of land downstream of the irrigation site and the salt 
load to the Breede River will, however, put constraints on the operation 
6.2 Recommendations 
Management of the site is faced with ,",»',","""" of downstream water pollution 
salinisation of where groundwater levels corne to surface versus a build-up 
in soil salinity on the site. Recycling water from the and will 
ultimately lead to an increased salinity levels the soil that may compromise the 
sustainability of the scheme in its entirety. 
The cut-off drain on the north-west perimeter appears effective in intercepting 
seepage the site via the colluvium. This was inferred from the relatively dry 
sediment in 1 2 down stream of the sump. Significant 
amounts of inflow were noted during the installation of boreholes 4 and 5, which are 
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from the than boreholes 1 and 2. Groundwater from boreholes 4 and 5 
..... ""'uv .. a geochemical signature of and indicate that by-
passes the cut-off drain. It is postulated that effluent ponding on shale-derived soil 
the underlying jointed and fractured shale as per the schematic below. 
SE 
240 NW 
230 
220 
Ih 
~ 210 
E 
200 
190 
180 
0 200 400 600 800 1000 1200 
metres 
Figure 6.1: Conceptual hydrogeological model of the site 
Although the organic content of the grape processing effluent IS reduced to 
background levels within the alluvium downstream of the the additional flow in 
the shallow aquifer is believed to an attempt to 
manage this situation it is recommended that ponding of effluent on the site is limited 
particularly on the soils. require regular monitoring the 
moisture status and the option of temporarily stopping irrigation from some of 
the cannons. A constant water level in the sump should be maintained as as 
possible to allow groundwater to leave the site at a flow that maintains the 
nU1<u ...... level near the of alluvium. This reduce the amount of 
evaporative concentration of groundwater and the extent 
adjacent land. 
salt precipitation on 
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The occurrence of highly soils on the periphery of reach of 
irrigation cannons suggests that is unequal distribution of effluent over ha 
example, reduced pressure in the system may reduced the 
reach of the irrigation cannons. This would mean that the full extent of the site is 
... u, ... uu .......... which may have implications for treatment efficiency. actual 
area rp",p,.." 
that all areas 
................. , ... should be assessed against the design specifications to ensure 
equal amount of effluent. 
livestock to graze on the site may enhance as wen as 
promote re-growth and vigour of vegetation. the nutrient content of the 
vegetation as well as that of potentially harmful elements like F and should be 
The beneficial utilisation of this "" ........... "", ... as an 1l".Cl.I.lUH supplement should be 
on a crop been demonstrated in Australia in the 
irrigation of woodlots as well as blended into water for vineyard irrigation (Chapman, 
1998). may detract from purely disposal nature of this irrigation and 
possibly result in imposition of less stringent discharge standards. 
Ongoing monitoring and 
evaluate treatment 
Monthly determination of 
compilation of an historical record are essential to 
sustainability and potential environmental impacts. 
COD, Na, Ca and Mg for the and sump 
samples is recommended. Comprehensive water analyses, as provided in Appendix 
are recommended quarterly for the sump and some boreholes. 
volume irrigated effluent should also be measured to assist the determination of 
a salt balance. 
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6.3 Future Lines of Scientific Enquiry 
Although there appears to effective attenuation of potentially toxic trace elements 
on their build up the soil and potential bioavailability may place a limit on 
future use the site. It would be to determine the levels of 
accumulation of elements like eu and the soil and a number of different 
plant '-'OJ"'"'''' on the site. latter would also be of use in a.;);)~~;)lU~ vegetation 
suitability 
also be 
livestock. Leaching tests site soils with simulated rainwater should 
out to establish extent to which B, F, eu and Zn may become 
mobile after termination of effluent irrigation. 
The irrigation has in operation years it is anticipated that the 
down stream of the site has already reached the Breede of 
this assumption could aGhieved by installation of monitoring boreholes the 
channel leading northwards to the Breede River. The rate of plume 
migration could also be calculated and a estimate of load to Breede 
River achieved. 
The odours produced by anaerobic biodegradation may be reduced by the addition of 
to effluent. would provide the bacterial biomass with 
an oxidant that produces innocuous gaseous waste products (N2 and NO) unlike the 
odorous sulphides and mercaptans produced by S04 reduction. Nitrogenous 
supplements may also lnf'll'p<>,~P 
well as the rate at which the 
rate of accumulation of humified organic matter as 
is reduced. 
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Samples from 25th August 
X-ray Diffractograms f Soil Clay Fraction 
Bulk Elemental Concentration Selected Soil UWlJ"lJl'''''' 
109 
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Effluent 
25/08/99** 
University of Cape Town
University of Cape Town
University of Cape Town
0.16 
=BODx * Ge1:ennuled on 
University of Cape Town
.DDendlxB: 
Emllent Effluent Emllent 
10th Nov 26th Aug 25th 
-
Mass mmolclL mmolcIL mmolclL mmolclL mmolclL mmolclL mmolclL mmolclL 
23 1 20.8 15.1 12.4 10.5 10.7 27 29 31 30 
NH4+ 18 1 0.2 0.1 0.3 0.3 0.3 b.d. h.d. b.d. 
K+ 39 1 1.4 1.3 2.4 2.0 1.9 4.7 5.8 7.0 8.5 
Mg2+ 24 2 2.6 2.7 2.8 3.0 6 7 8 8 
40 2 1.7 1.7 1.9 3.1 5 3 2 4 
20.9 19.5 17.5 19.0 43.2 45.2 48.1 50.7 
19 1 n.d. n.d. 2.6 2.7 b.d. b.d. 0.5 
35 1 3.4 3.6 3.4 3.4 7 6 6 5 
46 1 0.0 0.0 1.2 1.1 b.d. b.d. 
Bf 80 1 n.d. n.d. b.d. b.d. b.d. b.d. b.d. 
PO/ 95 3 0.1 0.1 0.1 b.d. b.d. 
sot 96 2 l.9 3.1 1.8 1.8 6 1 5 3 
HC03' 61 1 10.7 0.4 5.9 5.8 5.8 11 15 15 23 
Total 5.7 12.7 15.1 14.8 24.4 22.0 26.1 31.8 
9.9 15.2 6.8 2.4 3.5 18.8 23.2 22.1 18.9 
26.6 32.2 32.6 33.8 67.6 67.2 74.2 82.5 
24.5 57.2 21.2 7.3 10.3 27.7 34.S 29.7 22.9 
5.4 5.3 8.7 
3015.0 3325.0 2559.0 272.0 
200.0 160.0 179.0 136.0 342.0 
10.2 8.3 6.8 8.7 11.5 14.1 12.3 
University of Cape Town
n..~~~UUlh. B: UQ.IQ,U,",'" for 
0.0 0.0 0.0 0.0 b.d. b.d. b.d. b.d. 0.0 0.1 
6.0 2.2 1.8 3.7 2.0 2.0 3.3 2,4 1.5 0.3 
183 70 107 109 116 72 86 96 94 74 1.3 
39 19 16 23 30 31 33 30 37 33 1.1 
635.8 449.7 608.4 355.6 283.4 316.6 328.3 330.1 287.6 6.0 
n.d. n.d. n.d. n.d. n.d. n.d. h.d. 2.7 n.d. n.d. 
573 202 395 480 290 237 273 272 237 3.0 
h.d. h.d. b.d. h.d. b.d. b.d. b.d. h.d. 
n.d. n.d. n.d. n.d. 0.8 n.d. 0.7 n.d. n.d. 
0.0 0.0 0.0 h.d. b.d. b.d. b.d. 0.0 
64 30 52 92 42 34 41 41 39 34 0.3 
7 18 9 10 8 15 12 13 13 11 2.6 
644.1 249.4 582.8 340.8 285.9 313.6 327.4 281.5 5.9 
-8.3 -6.3 -14.6 -2.5 3.0 -28.5 -30.9 6.1 0.1 
1279.9 489.9 905.8 1191.1 569.3 630.2 655.7 657,4 569.1 n.9 
-0.6 -1.8 -0.7 2.2 -2.1 -0.4 0.5 -4.4 -4.7 1.1 0.8 
8.6 8,4 8,4 8.3 8.4 8.1 
369.0 175.0 286.0 476.0 209.0 154.0 218.0 164.0 164.0 159.0 128.0 
EC 4900.0 1950.0 3400.0 4318.0 2390.0 2420.0 2840.0 2240.0 2200.0 150.0 
38.8 22.2 41.5 58.3 24.0 24.8 25.2 25.1 24.2 24.5 2.9 
University of Cape Town
Water ..,c.uUlJl'iJ 
Sump Sump DRS DDS 
10th Nov 7th Oct 7th 10th Nov 
168 167 81 49 49 39 29 26 86 87 267 80 78 
0.1 0.1 0.1 0.1 0.0 0.3 0.1 0.1 0.0 0.0 b.d. 
3.3 2.8 4.3 4.5 4.1 3.1 3.6 2.7 6.9 1.1 0.9 LO 
75 79 35 17 20 9 13 8 46 31 76 40 40 
16 14 S 4 7 14 11 5 11 16 17 22 20 
Total cations 261.9 263.3 129.1 74.7 79.4- 64.4 57.4 43.4 145.9 141.4 361.2 142.6 139.4 
F' n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
er 217 214 90 42 43 36 12 13 121 102 324 114 109 
b.d. b.d. b.d. b.d. b.d. b.d. 
n.d. n.d. n.d. b.d. n.d. n.d. n.d. n.d. n.d. n.d. 
b.d. 0.0 b.d. b.d. 0.0 b.d. 0.0 b.d. 
30 32 18 12 11 3 2 7 16 IS 41 16 16 
IS 17 22 23 15 28 41 24 27 25 5 12 12 
Total anions 265.1 263.7 129.5 68.1 66.8 55.4 43.S 164.1 144.5 369.5 141.5 
cations - anions -3.2 -0,4 -0,4 ·1.9 4.7 -2.4 2.1 -0,4 -lS.1 -3.1 -8.3 1.1 2.6 
Total 527.0 527.1 151.3 147.5 131.2 112.8 87.2 310.0 285.9 730.7 2S4.1 276.2 
Cation excess -0.6 -0.1 -0.2 -1.3 3.2 -1.8 1.S -0.5 -5.8 -1.1 -1.1 0.4 1.0 
(%) 
9.0 7.0 7.7 8.0 7.2 7.7 S.4 8,4 7.9 8.3 8.2 8.0 8.1 
154.0 165.0 177.0 209.0 178.0 240.0 482.0 256.0 416.0 262.0 108.0 63.0 
2300.0 2260.0 1020.0 740.0 581.0 600.0 450.0 375.0 1400.0 1220.0 3120.0 1300.0 1230.0 
SAR 25.0 24.3 15.3 13.3 11.7 8.5 10.2 16.1 17.9 39.3 14.3 14.2 
University of Cape Town
136 43 5 89 9 
8.5 77 Bd 306 U.5 
ponded 9.0 299 88 Bd 
357 Bd Bd 14.1 
331 694 9 Bd Bd Bd 12.3 
sump 1 1119 243 Bd Bd Bd Bd .3 
2390 743 1413 Bd Bd 5 
7.5 1163 1 
University of Cape Town
D:11inor~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~=-~~ 
B Mn Zn 
ppm 
0.1 
1.6 0.1 
1.8 5.7 0.1 
1.4 1.9 0.1 
1.3 3.9 
1.5 0.6 0.8 
1.2 0.7 
1.3 1.2 
0.4 
1.1 
1 
2.7 
1 
0.2 
0.2 Bd 
1 
0.1 
0.1 
0.1 
0.2 
1 
0.5 
0.1 
1 
0.1 
0.1 
0.1 
0.3 
0.6 
0.3 
2.0 
2.4 
20.5 
2.1 
1 
3.7 
9.1 
1.5 
8.8 
1 
3.0 
3 
4.7 
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Appendix E: ~-Ray Diffractorgrams of soil clay fraction indicating prevalence of mica (m) and 
kaolinite (k). 
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*H20 
1 0.66 0.02 0.93 1 1 0.30 3 
15 4.11 0.10 1 1. 1.58 12 1 
0.24 0.21 1 0.20 1 
0.02 0.10 0.09 1. 
14 0.18 0.20 0.12 1 1 
3.86 1.91 0.09 0.81 
13 -0.08 0.02 
